This paper proposes a method for predicting the temperature in a metal can based upon the apparent viscosity of a liquid food, which was estimated from the initial temperature in the can under the condition where natural convection is taking place. In the absence of natural convection, we estimate its thermal diffusivity in a similar manner, and predict the temperature based on the estimation. We first evaluated the proposed method using water and glycerin. The viscosities estimated by this method agreed closely with the literature values. Subsequent experiments and analyses performed using four types of juice having different viscosities indicate the feasibility of predicting the temperature in the can. In addition, when we conducted experiments and observations regarding the flow of liquid using ink used as a tracer, the results agreed with the predictions whether natural convection was present or not.
In cans containing juices or soups, natural convection occurs if the viscosity of the contents is low; however, as the viscosity increases, natural convection is suppressed, and heat transfer becomes dominated by thermal conduction. The rate of heat transfer and the locations of cold spots are thought to vary substantially depending upon the presence or absence of natural convection; therefore, the presence of natural convection is an important factor in thermal processes such as sterilization.
For this reason, theoretical analyses have been conducted on heat transfer during the thermal sterilization of canned liquid foods. Performing such theoretical analyses on a system in which cylindrical cans were filled with water, Teixeira (1987, 1988) obtained the following results: (1) the occurrence of natural convection substantially increases the speed of heat transfer compared to thermal conduction, (2) the length of time required for cold spots to reach the sterilization temperature also decreases, and (3) the locations of cold spots move from the geometric center of the can to the bottom of the can. Similarly, using simulated cans containing water mixed with small particles, Wang et al. (1998 Wang et al. ( , 2000 performed theoretical analyses and demonstrated the feasibility of predicting temperatures based on apparent viscosity values, even in the presence of small particles.
Although these studies have focused on relatively low-viscosity liquids, some liquid cans contain high-viscosity materials. Because natural convection is strongly dependent upon viscosity, viscosity has a critical influence on temperature predictability. A number of studies involving experiments and analyses using CMC (carboxy-methyl cellulose) as a high-viscosity model food have demonstrated that natural convection does occur even in high-viscosity fluids, and that the presence of natural convection must be taken into consideration in thermal sterilization processes. In such cases, high-viscosity CMC is treated as a non-Newtonian fluid; its viscosity is not constant but rather is expressed as a function of temperature (Ghani et al., 1999) or of both temperature and the shearing rate (Kumar et al., 1990 (Kumar et al., , 1991 . In these calculations, the shearing rate is computed based on the assumption that it is a fixed quantity. However, actual high-viscosity food fluids are highly non-Newtonian, and their viscosity varies depending upon the condition under which the liquid flows. As such, it is difficult to predict their apparent viscosity.
Therefore, in the present work, using a food whose viscosity was unknown, we estimated its apparent viscosity from the rate of initial increase in temperature in the can, and evaluated whether the temperature during the latter stages of the heating process can be predicted based upon this apparent viscosity. In addition, because apparent viscosity cannot be inferred in the absence of natural convection, we estimated thermal diffusivity under the assumption that thermal conduction is the dominant factor.
Fundamental Equations
Fundamental equations in natural convection The cylindrical can system investigated in this study is shown in Fig. 1 . The heat-transfer phenomenon involving free convection in a two-dimensional cylindrical enclosure is considered. The top surface is assumed to be an adiabatic boundary due to the presence of a gas layer in the head space and the fact that the other walls are heated. The fundamental equations of natural convection in a cylindrical can in an unsteady state and the given boundary conditions are obtained as follows:
The Boussinesq approximation states that, for most fluids, the physical properties can be considered as universally constant and independent of temperature except in the body-force term (term containing g) during natural convection heating (Kumar et al., 1990) . In this study, heat capacity, thermal conductivity, and density were assumed to be constant, though the viscosity of the fluid was viewed as temperature-dependent, as it is strongly governed by temperature.
The stream function and vorticity (Datta et al., 1988) were introduced to Eqs. (1)- (7), and each equation was written in a finite difference form. They were then solved numerically by an upwind difference method.
Fundamental equation in heat conduction
The fundamental equation and the boundary conditions in which heat conduction is dominant are given as follows:
Equations (8)- (10) were written in a finite difference form, and they were solved numerically.
Parameter estimation In the case of natural convection, the apparent viscosity of the juice was estimated based on the initial temperature increase in the can, while the thermo-physical properties were assumed to be those of water at 40˚C, since the water content of juices, which are calculated based on the component contents written on the juice package, are from 87% to 94%. These experimental thermo-physical properties, however, were different from actual values; these errors may be included in estimated apparent viscosity. If the water content of liquid food is small and its thermo-physical properties are greatly different from those of water, the estimation of thermo-physical properties is also required. In the case of heat conduction, thermal diffusivity was estimated as above.
Given that apparent viscosities are generally temperaturedependent, in the present work we represent the temperature dependency according to the following equation (Rao & Rizvi, 1995) : 
Thermocouples position in the sample can.
Therefore, there are two parameters, 0 and E, that represent apparent viscosity. It may be difficult to estimate these two parameters simultaneously in a short time using an on-line personal computer which corrects the temperature at the initial stage and calculates the fundamental equations numerically. In the present context, we assume E to be constant, and estimate the quantity 0 using the golden section method (SCEJ, 1976) , which is a kind of retrieval method. Specifically, we estimated the parameter 0 so that the error between the observed temperature at a position at one-half the radius (R 1/2 , Fig. 2 ) and the calculated value obtained by solving equations (1)- (4) is at a minimum. For cases in which no natural convection occurs, we also estimated the quantity a in a similar manner. In order to determine whether natural convection has occurred, we carried out the following procedure. First, the thermal diffusivity was determined based on the initial temperature data representing a temperature increase of approximately 30˚C at a position R 1/2 , and if the estimated thermal diffusivity was greater than two times the value of water, it was concluded that natural convection was taking place. The rationale for this criterion is that the thermal properties of juices, being more than 85% water, never increase beyond twice those of water.
Materials and Methods
In order to verify the method of the mathematical model, water and glycerin (purity 98.5%), which are considered to be Newtonian fluids, were used as samples. As examples of canned liquid food, the following four kinds of commercial juice products were used:
(1) Orange juice (2) Mixed juice 1 (carrot, vegetable, and fruit) (3) Mixed juice 2 (red vegetable and fruit) (4) Tomato juice A sample of each type of juice was placed in a can, and copper-constantan thermocouples were set at the can's center, the half position of the radius, and in the can's interior wall (Fig. 2) . The can (7.0 cm I.D., 10.8 cm height) was made of iron plate, and air existed in the can's head space (about 0.5 cm height). This model can was perfectly steeped in a water bath (about 95˚C) which was stirred by agitating equipment, and the temperature of the sample was measured every 20 s.
In order to observe the flow by convection during the heating process, liquid foods were placed in glass beakers having dimensions of 7.2 cmϫ10.6 cm. Ink, used as a tracer, was introduced along the sidewalls of the containers using rubber tubing. For observation the samples were placed in a water bath at 95˚C. Although glass beakers are poorer conductors of heat than metal cans, and the way in which heat flows through them may be different from the actual heat flow that takes place in a can, we used glass beakers because the flow of the tracer in a can cannot be observed from the outside.
In order to compare the estimated apparent viscosity and observed data, we measured the apparent viscosity using a Type-B rotary viscosity meter. The sample juices are considered nonNewtonian fluids, in which the relationship between the shearing rate and the stress is not linear. Therefore, the values change depending upon viscometer measurement conditions such as rotational frequency. In the present study, we measured the apparent viscosity under various shearing rates by varying the rotational frequency.
Results and Discussion
Predicting the temperature of a Newtonian fluid First, using temperature changes in the can, we estimated the viscosity of water in order to validate the appropriateness of the estimation method that was employed. We first assumed that there was no thermal resistance at the surface of the can; i.e., we estimated the viscosity so that the initial temperature measurement data at R 1/2 would agree with those of calculations assuming the boundary temperature T a to be fixed a T b (water bath temperature: 94˚C). For the initial data, we used the temperature obtained in the first minute of measurements and assumed an activation energy of 15 kJ/mol, which was adopted from the Arrhenius plots for water viscosity as described in the literature (JSME Data Book, 1975) . Figure 3 shows a comparison between the results of prediction of temperature changes over the entire heating time using the esti-
Comparison of calculated temperatures with experimental ones in assuming the boundary temperature to be constant (water). mated viscosity. The figure indicates that there is little agreement between the predicted temperature values for the second half of the heating process and the observed values. Figure 4 shows a comparison between estimated viscosities and literature values (JSME Data Book, 1975) , with the literature values being plotted using symbols and the estimated values using a broken line. The estimated viscosity values are substantially higher than the values in the literature. In actuality, thermal resistance exists at the surface of the can, which retards the increase in temperature, and in the calculations, the viscosity is estimated on the high side so that the temperature increase will be delayed. Therefore, the thermal resistance at the surface of the can should be considered.
In order to determine the thermal resistance at the surface of the can, it is necessary to estimate the coefficient of the heat transfer on the outside of the can. For this purpose, both the apparent viscosity and the coefficient of heat transfer must be estimated. In the present work, we decided to measure the temperature changes on the inside of the can and to substitute the results into the boundary conditions (T a =T iw ), instead of estimating the heat transfer coefficient.
In order to estimate the boundary temperature at the later stage, the boundary temperature change was examined. Figure 5 shows time-series changes in the inner-wall temperature, where the temperature is rendered dimensionless according to the following equation:
where T iw,20 is the inner-wall temperature 20 s after commencement of the heating process. The figure shows that the relationship between the dimensionless temperature and time can be expressed by the following equation:
This equation is an empirical formula, and 0 and a are empirical constants. In the case of Fig. 5 , 0 ϭ1.23 and aϭ0.0104. Although these values were obtained from data (᭹) representing the first 100 s of the heating process, it is evident that they are in fair agreement with the observed data (᭺) even after that time period. Therefore, it is possible to estimate the quantities 0 and a in Eq. (13) based on the initial data and to predict the subse- 
quent temperatures of the inner wall of the can. Figure 6 shows a comparison between the observed and predicted temperatures, under the assumption that the boundary conditions used in the calculations are given by the above equation. The figure indicates close agreement between the observed and predicted temperatures. In addition, the estimated viscosity values, which are shown in Fig. 4 as a solid line, are in fair agreement with the values described in the literature.
Similarly, Fig. 7 shows the observed and calculated temperatures for glycerin. In the calculation, we used the thermal properties of glycerin (density, specific heat, thermal conductivity, and the coefficient of thermal expansion) taken from values described in the literature (JSME Data Book, 1975) at 40˚C. For the prediction of the inner wall temperature and the estimation of viscosity, we used data that was taken 180 s (with an approximate temperature increase of 30˚C) from the commencement of the heating process. In this case as well it was determined that convection was taking place with a virtually equal increase in temperature at the center of the can and the temperature at the R 1/2 point. Figure  8 shows estimated, literature (JSME Data Book, 1975) , and measured viscosities for glycerin. In this case also, as in the case of water, there is close agreement between the estimated and measured viscosity values. For the energy of activation of the viscosity of glycerin, values of 30, 40, 50, and 60 kJ/mol were assumed in comparison with the observed temperatures. Because the 50 kJ/mol value yielded the smallest error, we adopted this value. The above results confirm that this method is applicable to Newtonian fluids.
Predicting the temperature of liquid foods Figure 9 shows the results of temperature measurements involving four types of juice. It is evident that in tomato juice, in which the temperature increases slowly, the temperature increase at the center of the can lags behind the increase at point R 1/2 . In other juices, the temperature at the center and that at point R 1/2 increase almost simultaneously. For juices (1), (2), and (3), the estimated thermal diffusivities were 3.95ϫ10 Ϫ6 m 2 /s, 2.04ϫ10 Ϫ6 m 2 /s, and 9.04ϫ10 Ϫ7 m 2 /s, respectively, based on the initial data at point R 1/2 . In these cases it was determined that natural convection took place. Figure 9 also shows temperature predictions for juices (1), (2), and (3) by solid lines. In these cases, the method described above was used to estimate inner-wall temperatures and apparent viscosity based on observed data that was obtained until the temperature at point R 1/2 rose to approximately 55˚C. The energy of activation for apparent viscosity values was calculated using values of 5, 10, 15, and 20 kJ/mol. Because the 15 kJ/mol value gave the best fit, that value was used in the subsequent calculations. The figure illustrates close agreement between the observed data and the temperatures for the second half of the heating process that were predicted using the estimated apparent viscosity values. Figure 10 shows a comparison between estimated apparent viscosity and observed data. Although the shearing rate is indicated with a minimum of 0.8 s
Ϫ1
, for any lower values, the needle on the viscometer moved only slightly, hampering the measurement process. The figure illustrates that the lower the shearing rate, the greater the measured apparent viscosity, indicating that the apparent viscosity varies depending on the rate of flow. The estimated viscosity is greater than the observed data, from which it can be inferred that the natural convection occurring in the can is slower than the measured shearing rate. These findings indicate that it is difficult to estimate the apparent viscosity as long as the shearing rate due to natural convection cannot be estimated, which suggests a large error in any temperature prediction which is based on observed viscosity. Figure 11 shows a comparison between measured and calculated temperature changes in tomato juice. In this case, it was determined that there was no natural convection, and the estimated thermal diffusivity was 1.9ϫ10 Ϫ7 m 2 /s. Although thermal diffusivity was estimated from the initial data at point R 1/2 until the temperature increased by approximately 30˚C, center temperatures could be predicted adequately.
The apparent viscosity of tomato juice was plotted in Fig.   10 (3) to be compared with Mixed juice 2. Mixed juice 2 and the tomato juice have about a four-fold difference in apparent viscosity when the shearing rate is 8 s
; in the former case, there is natural convection, and in the latter there is not. The slight difference in apparent viscosity results in a significant difference in the temperature inside the can, as illustrated in Fig. 9 .
Observing the flow Figure 12 shows the results of observing Mixed juice 2 as a typical example of flow observations. The tracer, which was on the lateral side of the container before the heating process began, converged into the center of the top surface at 2 min, and subsequently (in a photo taken 20 min after the commencement of the heating process) the tracer welled up from the periphery at the bottom of the container. The orange juice and Mixed juice 1 show similar results. The rate of convection, as well as the rate of temperature increase, varied in the orange juice, Mixed juice 1, and Mixed juice 2, in descending order.
From the observation that the tracer scarcely moved in the tomato juice, in which no natural convection is thought to occur, it can be concluded that natural convection was virtually absent. These results are consistent with the calculation results described above.
Conclusions
Experiments and analyses were conducted with the objective of predicting the temperature inside a metal can during the thermal processing of a high-viscosity liquid contained in a can. The following results were obtained: (1) By comparing initial temperature data measured inside the can with calculation results based on a mathematical model, it is possible to estimate the apparent viscosity in the presence of natural convection or thermal diffusivity in the absence of natural convection. (2) The estimated apparent viscosities of liquid food did not agree with the measured ones which changed according to the measurement condition of the rotary viscometer. This indicates that it is difficult to estimate temperature history based on measured apparent viscosity. (3) Based on estimated apparent viscosity or thermal diffusivity, it is possible to predict the temperature during the later stages of the heating process. 
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